


Significant progress in lake hydrodynamies during the last several decades is reliected
in several reviews {Mortimer, 1974; Imberger and Hamblin, 1982; Hutter, 1984,
Gray, 1986; Boyce et al., t989; Schwab, 1992: Murthy and Schertzer, 1994) .and
monographs (Simons, 1980; Csanady, 1984). Nevertheless, iinportant questions
remain because of limited observations, especially long-term observations, and
because of the limitations of current computer models, which do not explicitly includre
all significant physical processes of dilferent spatiai and temporal scales. T.h;s
complexity is due to the fact that lake circulation is a product of many forces acting
both on the lake surface and its boundaries: momentum and heat fluxes, a(nuospht?rlc
pressure, river inflow and outfiow, and lake volume changes duc to hy(.Jrolnglcal
factors. These forces produce water movements in the lake with spatial scales
ranging from millimetess to hundreds of kilometers (basin scale), and temporal scales
from seconds to thousands of years (the scale of the lake’s history}.

The imporiance of various driving forces depends partly on the temporal scale.
Momentum and heat {luxes are the dominant facters on time scales from da?ys to
scasons, white the hydrologic balance is important on longer time scales; like in the
case of slow but persistent changes in the level of the Aral Sea. in this chapter we
will discuss time scales ranging from the daily changes in weather to seasonal and
interannual variability, We will also discuss the possibility of prediction on jonger
time scales, Historically, the focus of physical limnology was on slmrl-lg?m
processes such as water level {luctuations due to seiches or storm surges. lhe‘
obvious practical importance of these phenomena stimuated development of
mathematical models, improvement in meteorological observations, and (nally made
possible prediction of hazardous floods. With respect to pqtential c!ima!e change,
study and prediction of long-term {luctuations in lake circulation bec.:nmes imporiant,
since variations in wind stress, heat flux, or hydrological balance will cause changes
in the lake's thermal structure and circulation, and eventually infiuence the whole
ecosystem. . .

Progress in lake circulation studies generally reflects advaoces in the‘ oceanic and
atmospheric sciences. As in oceanic and atmospheric science‘s. lake studies advanc?d
from episodic observations to long-term specialized experiments such as IFYGL
{Aubert and Richards, i981), monitoring systems as CoastWa.ich {Schwab1 et al.,
1992). and nowcasl/forecast systems as the Great Lakes Forecasting System (Schwab
and Bedford, 1994). Unfortunately, the comparisen stops here because there h'as nod
been a coordinated limnological program with the goal of studying long-teml.cll‘mate—
forced changes in the thermal structure and circulation in the Great Lakes, similar to
such atmospheric/oceanographic programs as TOGA whose goal was tn stud.}r
seasonal-to-interannual variability and predictability of ocean—atmosphere' system in
the tropics (Hayes et al, 1991}, or WOCE whose poal is to study interannual
vaniability of the ocean cireulation and its role in climate chmge {Wunsch, 19%4a,
1994b). Therefore, one of the goals of this chapter is to emphasize the need for the
development of such a program for the Great Lakes. . .

Although the focus in this chapter is primarily on modeling, malhematl.cal
formalism is set aside to emphasize physical aspects of lake hydrodyn.amlcs.
Mathematical aspects of lake circulation can be found in other publications (Simons,

1980, Csanady, 1984; Hutter, 1984). Our goal is to provide a useful praetical
description of the imporiant lake circulation processes that can reach a broad
audience, including those with a background in aquatic biogeochemical sciences.

The outline of this chapter is as follows: in Section 4.2 we will provide a briel
overview of the annual thermal cycle in the Great Lakes as a background for the
discussion of lake currents. In Section 4.3 we will describe the main short-term
physical processes and will demonstrate the state-of the-art in prediction of lake
currents. In Section 4.4 we will present mean circulation pattems derived from
modem observations, discuss propress in fong-term numerical modeling, and also
consider possible impacts of climate changes on lake circulation. Some prospects for
the future will be presented in Section 4.5.

4.2 ANNUAL THERMAL CYCLE

Thennal stratification piays an important role in lake hydrodynamics giving rise
to a variety of hydrodynamic phenomena from shori-term internal waves to long-term
density-driven currents. Therefore, we will briefly describe seasonal changes in the
thermal regime of lakes before proceeding to current variability on shorter and longer
time scales. More detailed information on the vertical thermal characteristics of large
lakes can be found in Chapter 3.

l.arge temperate lakes exhibit a pronounced annual thermal cycle (Boyce et al.,
1989). During the early winter, the takes are usually verticaliy weil-mixed from top
to bottom at temperatures near or below the temperature of maximum density for
freshwater, about 4°C. Further cooling can lead to inverse stratification, and ice
cover. The Great Lakes are usually at least partially covered with ice from December
to April (see Chapter 6 for more detail). Initially, ice begins to form in shallow bays
and then gradually grows offshore. Maximum ice extent is normally observed in late
February, when ice typically covers from 24% of Lake Ontario to 90% of Lake Erie
(Assel et al, 1983). Ice thickness can vary from a few centimeters to a meter or more
{Rondy, 1976). Ice melting and break up usually begins in March, when increasing
solar radiation weakens the ice which can be more easily broken up by the action of
wind and waves. Springtime warming tends to heat and stratify shallower areas first,
leaving a pool of cold water (less than 4°C and vertieally well-mixed because of
convection) in the deeper parts of the lake. In spring, stratified and homogeneous
areas of the lake are separated by a sharp thermal front, commonly known as the
thermal bar (Tikhomirov, 1963). Depending on meteorological conditions and depth
of the lake, the thermal bar may last for a period of from 1 to 3 months. Stratification
eventually covers the entire lake, and a well-developed thermocline generally persists
throughout the summer. In the fall, decreased heating and stronger vertical mixing
tend to deepen the thermocline until the water column is again mixed from top to
bottom. When the nearshore surface temperature falls befow the temperature of
maximum density, the fall thermal bar starts its propagation from the shoreline toward
the deeper parts of the lake. Thermal gradients are much smallet during this period
than during the springtime thermal bar,



4.3 SHORT-TERM VARIABILITY

Our definition of shori-term variability is somewhat broader than usual because
we will consider processes with periods [rom hourly-daily tn intraseasonal. Longer
time-scale processes will be considered in Section 4.4. We will also emphasize the
most important basin-scale processes, eliminating short internal waves and capitlary
waves. Wind waves will be considered in Chapter 5, although we will briefly
mention a wave model in Section 4.3.4. We will also omit tides because of their
minor imporiance in lakes.

The vast majority of shorl-term physical processes in lakes are wind-driven.
Because of their mid-latitude position, the Great Lakes are subject to periodic
extratropical storms, particularly during the spring and fall periods when the jet
dream is crossing these latitudes. Typical intervals between storms are 5-7 days
during winter and 7-10 days during summer. Storms can rapidly generate strong
currents which decay with time scales of several days. Keeping this in mind. we will
start our description with the simplest physical processes that occur in a [lat bottom
fake of uniform density, and proceed to systems with stratification and topography.

4,3.1 Storm surges, seiches, upwelling, low-frequency waves, and eddies
43.1.1 Storm surge

When a steady wind blows along a channel, the equilibrium condition of the
water surface in the channel is a depression of the water level on the upwind end and
an elevation of the water level on the downwind end (storm surge). In a channel of
uniform depth, the magnitude of the depression and elevation are the same and are
proportional to the length of the channel, the square of the wind speed, and the inverse
of the depth. In a real fake, this simple dynamic balance is modified by the earth’s
rotation. which causes the counterclockwise progression of the point of maximum
water level displacement around the edge of the lake. Early studies of storm surpes
on lakes used the equilibrium condition (steady-state setup) to calculate water level
deviations in the case of the constant depth (Keulegan, 1951), or laking account of
depth variations by segmenting the lake along its axis and calculating equilibrium
solutions for cach sepment (Hayford, 1922; Keulegan, 1953; Hunt, 1959). The results
were generally quite good when the prevailing wind was close to a steady. uniform
wind blowing along the main axis of the lake.

A more realistic approach was realized when the shallow water equations were
used. This theory allows consideration of time-dependence and earth’s rotation along
with realistic lake shape when using numerical methods. In parlicutar, Platzman
(1958, 1963) performed such calculations for Lakes Michipan and Erie, and his
results showed considerable improvement over the equilibrjum method.  Schwab
(1978) added the effect of atmospheric stability and wind speed on drag coefficient to
the time-dependence and two-dimensionality of the wind field. He also included the

effect of land-lake wind speed ratio. The models of Schwab (1978) and Platzman
(1965) now lorm the basis for routine operational storm surge forecast systems for
Lakes .Erie and Michigan respectively. Altemative approaches use a statistical
regression relationship between storm surges and wind forcing (Harris and Angelo
1963‘; Richardson and Pore, 1969). Some case studies of storm surges were describeci
by Ewing et al. (1954), Donn (1959), Freeman and Murly (1972), Mury and
!’olavarapu (1975), Dingman and Bedlord (1984), and Hamblin {1987). With
increased computer power, three-dimensionat models (Figure 4-1) are used for storm
surge prediction (O’Connor and Schwab, 1994),
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Figure 4-1. Wind-induced barotropic lake response: Observed and modeled water
fevels at Toledo and Buffalo (O Connor and Schwab, 1994).

4.3.1.2 Surface seiche

Surfa(.:e seiche is the response of the lake after wind eessation, or afler an
?tmosphenc pressure disturbance, when the initially wind- or atmospheric pressuse-
induced water level disturbance relaxes in the form of gravitational wave. Each lake






characterized by the so-called Rossby deformation .radius which is thel e-foldll:lz)gr :,i?(l;
for the amplitude of this wave as a function of dls?ance from ‘the shore. or e
Jatitude lakes the Rossby radius is 3-5 km. The Kelvin wave peflod 18 genera ydeq "
greatet than the inertial period. Schwab (1977} calcula%ed lhe‘ internal i?rfr:el mi)de. o
oscillation in a two-layer model of Lake Ontario. assummg.umfnnr} un;"‘;segavs pth.
The lowest frequency mode was an internal Kelvin wave with a period o ; ;.ci]ing
It has been observed that when strong wind events cease, thf{ region © 11113 o
progresses cyclonicatly around the lake. either in the form of the mtema}l) Kev;tlinom ©
ot as a thermal front. This was fiest observed hy .lempermure:' 0 se;%}) .and
municipal water intakes for cities around La’ke Michigan (1’\»‘[0ruln;‘er.t weré o
simulated later by Beletsky et al. (1997). Kelvin waves and then‘na‘ éon ] e
found in other large lakes: Lake Ontario (Csanady and Scott, 1974, ]q;;i Y. S.mm;
Simons and Scherizer, 1987), and Lake Onega {I?eletsky et ul.l.) b} e
indications of upwelling and thermal front progression have ai.so eic‘;aog.s;’o] L
satellite infrared imagery of lake surfaces (Csanady, 1977; Mortimer, : Dolg

and Brooks, 1992).

4.3.1.4 Topographic wave

For lakes with stoping bathymetry, another imporlant free wavcvresponse shc;l'.;lrn;l
be added: the topographic wave. Unlike the Poincaré andll I((iciw:. wfvtavciv\: e
ity is i hic wave is a so-called vortieity wa
avity is the restoring force, the topograp . ' .
(g:;n e:ist only in the presence of both depth gradients anq eanh‘ s rotation (S;yl(:iroit
al. 1980}. Tt is a barotropic response and is relatively insensitive to.stratlhlca ate;
i . !
When a steady wind stress over the lake pushes surface water doumwmccilt t :3 water
level at the downwind end of the lake rises, and the resultar: pnzssurer gra 11eynerc s
§ ake under the Ekman surlace layer.
a reiurn flow in the deeper partl of the i ; : o
resultant circulation pattermn (if the lake bottom ha‘s relatwe.ly smlp.le for&.hiln ihe
paraboloid for example) consists of two gyres having lc:ppos;lte trr?ta::::g,gym -
L imini ion of the earth causes this two-
wind stress diminishes or ceases, the rotation o rith ‘ e
i i haracteristic period that depends
1o rotate cyclonically around the lake withac : stic. e
hoasin bath)ymelry and the latitude. Typically, this period is severgl da;I;s. l/g\;za)lytéﬁi
models were developed for basins with simple bathymetries by Lalm 19{;30) M e
(1965), Csanady (1976), Birchfield and Hickey (1977)., Saylor et al. (' , iere
(]984}, and Stocker and Hutter (1987). Numerical st.ud|es of tupograp.lnc waves were
pe.rfor:‘ned by Schwab (1983). Resonant properties of topographic waves

studied by Simons (1983).

4.1.1.5 Mesoscale eddies

In addition to the basin scale motions, large lakes alway.s exhibit srr;all:vre;caiz
vorlex motions known as mesoscale eddies. These eddies were o t(;je o
temperature fields in ship surveys (Boyce, 1‘97‘?'}3 il?)ele;:s:y t?.'l al.,r !t:z:e) :;diess e
i 1: Mortimer, 1988). The size 0 r
imagery (Rao and Doughty, 1981; _ > e
frorE several kilometers to several tens of kilometers. The most probable mechan

of eddy generation is barotropic or baroclinic instability of lakc currents. An example

of baroclinic instability of coastal cumrents was shown in the model of Rao and
Douphty (1981).

4.3.2 Lake-wide circulation modeling

Large scale circulation typicalty has a complicated pattern because it is a product
of many forces acting both on the lake surface and boundaries. Some of these forces
undergo significant seasonal changes. In the absence of wind and density gradients
{causcd primarily by the heat flux), lake circulation depends on the hydraulic low
only, which seldom exceeds an amplitude of 1 cm/s over most of the lake. Hydraulic
flow is probably most important in a {ully ice-covered lake in winter. In the fall,
when a lake is well mixed and density gradients are smail, wind forcing should be
added to the hydraulic flow, and it is typically at least of order of magnitude larger.
In spring and summer, heat flux on a lake surface causes density gradients which can
produce currents comparable to wind-driven cuments, and which make lake
hydrodynamics even more complicated. Typically, no analytical sclution is available
if one wants to study circulation in a lake with realistic bottom topography, no matter
what kind of forcing is used. To deal with this problem, numerical models of lake
circulation were developed.

Lake-wide circulation models have been developed since late 1950°s as a
supplement to scarce current observations in the Great Lakes. They evolved quickly
from very simple models, based on the geostrophic relationship, to fully non-linear 3-
dirnensional models that form the basis of today’s nowcast-forecast systems. One
operational nowcasi-forecast system, the Great Lakes Forecasting System, will be
described later in this chapter. 1t is useful, though, to consider the develepment of the
general circulation models because one can ofien see more clearly a particular
hydrodynamic phenomenon in a simple model, while in a complex model it can be
masked by the interplay of multiple factors. In particular, using simple models, we
will demonstrate two major concepts that explain the existence of different circulation

patterns in large lakes: density-driven (one-gyre) and wind-driven (two-gyre)
circulations.

4.3.2.1 Dynamic height method

This is a simplest baroclinic (variable density) model based on the assumption of
geostrophy, which means that the horizontal pressure gradients are balanced by the
Coriolis force. The only information this model needs is a three-dimensional density
field {in most cases temperature is sufficient} in the lake, in a parl of the lake, or even
on a vertical cross-section. First applied by Ayers (1956) to Lake Michigan
circulation studies, this model quickly became so popular that it is probably difficult
nowadays to find a large lake in the world with some temperature observations where
this model has not been applied. The model is important conceptually because it
explains the prevalence of a one-gyre cyclonic circulation pattemn during tbe thermal
bar period and full stratification period in many iakes. The point is that during these



periods the warmest water is typically located nearshore, while the coldest water is
offshore. This situation generates pressure gradients in the offshore-nearshore
direction, and these gradients (in the absence of the wind) are balanced by the Coriolis
force, which is directed to the right of the flow direction. Since the pressure gradient
is directed ofishore, the Corialis force is directed onshore, and the current is directed
alongshore with the coast to the right of it (in the Northern Hemisphere). Therelore.
in a lake with simple bottom topography, like Lake Ontario, the circulation has a one-
gyre cyclonic pattern (Fig. 4-3). What happens when the wind starts to blow?
Obviously, in the case of a strong wind, the pressurc gradients caused by the lake
leve! gradients should be taken into account. In this situation we need a comnpletely
different class of models, the so-called barotropic models.
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Figure 4-3. Baroclinic one-gyre circulation: July 1972 dynamic height analysis and
current observations, at 30) m depth in Lake Ontario (Pickett and Richards, 1973).

4.3.2.2 Barotropic models

Barotropic models, as opposed to the dynamic height method, complctely ignore
density-driven currents. emphasizing the wind-driven ones. They also became quite
popular beeause they need only wind information as an input, and do not take much
computer time because they are vertically averaged, two-dimensional models.
Initially, they were applied in their finite dilference form to Lake Ontario (Rao and
Murty, 1970), and other Great Lakes (Murly and Rao, 1970). As was stated
previously in the section describing topographic waves, a horizontally uniform wind
generates a two-gyre circulation pattern in a take that has simple bathymetry (Figure
4-4). The theoretical explanation of this phenomenon was given by Bennett {1974).
He showed that in the nearshore region, the wind siress is the dominant factor and the
transport is in the downwind direction. In the deeper regions ofishore, the pressure
gradients {caused by the surface level gradients) generate transport opposite to the
wind direction. Obviously, in lakes with complicated bathymetry, the circulation will
consist of several cyclonic and anticyclonic gyres in the case of horizontally uniform
wind.

LAKE ONTARIO

Figt}r{‘}e 4-4.  Barotropic two-gyre circulation: Steady-state model transport lines
(1010 ¢m 3 5-1) in Lake Ontario Jor Sms-! for northeast wind (Pickets, 1976},

Another factor that can change the circulation pattern in the lake is wind
vorticity. Because of the size of the lakes, and their eonsiderable heat capacity, it is
not uncommon to see lake-induced mesoscale circulation systems superimposed on
the regional meteorological flow, a meso-high in the summer (Lyons, 1971) and a
meso-low in the winter (Petierssen and Calabrese, 1959). There can aiso be a
considerable amount of vorticity imparted to the lake by the normal circulation
pattern of an extratropical storm as it passes over the lake. Any vorticity in the
forcing field is manifest as a tendeney of the resulting circulation pattern toward a
single gyre sireamline pattern, with the sense of rolation corresponding to the sense of
rolation of the wind stress curl (Rao and Murthy, 1970, Hoopes et al., 1973; Strub and
Pow‘ell, 1986). Besides the wind vorticity and topographically-induced vorlicity, the
vorticity of the main gyres in a thermally homogeneous basin depends on two other
factors: a planetary vorticity (p-effect), and a bottom slress vorticity. It is
traditionally considered that the most imporiant factor overall is topography, although
there are some indications that wind vorticity may be equally important. For
example, it can be responsible for anticyclonic summer circulation in Lake Erie
(Saylor and Miller, 1987).

4.3.2,3 Baroclinic models

The first baroclinic models approximated vertical structure as the superposition
of two or more horizontal layers with impermeable interfaces (Kiziauskas and Kalz,
1973). As computer power grew, so did the mode) complexity. In the early 1970s it
became possible to construct 3-dimensional models that incorporated both thermally
and wind-driven currents, although the parameterization of turbulent momentum and
heat diffusivity was rather simple. Pioneering works of Simons (1973, 1974, 1975,
1976a, 1976b) created the basis for numerical studies of circulation and thermal









forecasting of surface water level fluctuations, horizontal and vertical structure of
temperature and currents, and wind waves in the Great Lakes. Lake Erie is the {irst
lake to be fully implemented in the system. The system uses surface meteorological
observations and forecasts from numerical weather predietion modcls as input. Lake
circulation and thermal structure are calculated using a threc-dimensional
hydrodynamic prediction modef. Output from the models is used to provide
information on the current state of the Jake and to predict changes for the nex1 several
days. The system is also designed for hindcasting and scenario testing. ‘The initial
inplementation of the system in 1993 and 1994 produced daily nowcasts of system
variables for Lake Erie from April o December each year (Schwab and Bedford,
1994). In 1995, the systern began to use mesoscale meteorological forecasts from
NOAA's National Meteorological Center (NMC) Eta model to produce 24 hour
forecasts of system variables.

43.4.1 Syslem design

In the forecasting mode, a daily run is made for each lake. The model is run for
48 hours, beginning 24 hours previous o the forecast time, thus generating a 24 hour
hindcast and a 24 hour forecast. A forecast period of 24 hours was chosen because it
is a reasonahle period for which mesoscale meteorological forecasts could be used
with confidence and a period of interest to most Great Lakes uscrs. Observed
meteorological conditions are used to specify surlace boundary conditions for the [irst
24 hours of the run. The current and temperature [ields from the model at this point
in the run are saved to be used as initial conditions for the next day's run. These
conditions constitute the 'mowcast' of the present state of the lake. Since 1995,
forecasts from NMC's Fta model (Black, 1994) have been incorporated into the
system. The 29 km version of the Ela model provides reasonable resolution of the
Great Lakes with 28 grid points over Lake Erie. Eta modet output fields are obtained
over the Intemmet from NOAA's Information Center. Forecasts of overlake
meteorological conditions are used as boundary conditions for the second 24 hours of
the run. The output of this part of the run constitutes the lake foreeast. Marine
meteorological data are obtained from the National Weather Service's (NWS)
Cleveland Forecast Office for the nowcast portion of the run. The numerical models
are run on the Ohio Supercomputer Center Cray Y-MP8/864 Supercomputer.

Figure 4-5 is a schematic diagram of the functional components of the GLFS.
The primary dala required to nowcast and forecast coastal circulation and thermal
structure are (1) initial conditions for the current, temperature, and water fevel fields,
{2) observations of overiake meteorological conditions for the last 24 hours, {3)
forecasts of surface heat flux and wind stress for the next 24 hours, and (4) forecasts
of lateral (inflow and outflow) boundary conditions. At present, there is no feedback
from the circulation model to the atmospheric model for the short duration of the
[orecast.

4342 CoastWatch

Great Lakes CoastWatch is a part of a NOAA wide program that was designed to
provide near real-time access o sateilite imagery, imape products and in situ
environmental data for 1).S. coastal regions (Schwab et al., 1992; Leshkevich et al.,
1995). Current CoastWatch image products are obtained several times a day from
NOAA polar-orbiting weather satellites (NOAA 12 and NOAA 14) which each carry
the Advanced Very High Resolution Radiometer (AVHRR). For the CoastWatch
program, AVHRR data are mapped to a Mercator projection and presented as [our
scenes of the Great Lakes region. One synoptic scene covers all five lakes at
approximately 2.6 km resolution. The other three scenes focus on Lake Superior,
Lakes Michigan and Huron, and Lakes Erie and Ontario at twice resolution of the
five-lake scene. Imapge products include surface temperature, visible and near-
infrared reflectance, brightness temperature, satellite and solar zenith angle data, and
cloud masks. Over 32,000 image products have been received and archived since
1990. In addition, in-situ and modeled dala including marine and meteorological
observations, and water level gauge measurements, are also routinely received and
made available via dial-in modem or Internet. A new CoastWatch product is a cloud-
free, composited surface temperature chart that will include an ice cover analysis
overlay during winter months. The CoastWatch satellite imagery is currently used in
the Great | .akes Forecasting System as verification data for nowcasts and forecasts of
surface water temperature. In the future, it may also be used for assimilation ol
;urface water temperature into numerical model and for estimation of surface heat

uxes.
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Figure 4-5. Flowchart for operation of Great Lakes Forecasting System (Schwab and
Bedford, 1995).






rapid than the model simulation, but again the model recovers in the late fall. The
average diurnal surface temperature fluctuation at the two buoys is matched quite well
in hoth amplitude and phase by the model simulations. In summary, the comparison
shows that the model is able to reproduce observed surface water temperatures with
reasonable fidelity in Lake Erie, although the reasons for some discrepancies in the
spring and fall need to be investigated further.
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Figure 4-7. Comparison of observed (dots) and nowcast (line) water temperature at
two locations in Lake Erie during 1993 The upper panel is the daily mean
temperature, and the lower panel is the average deviation from the daily mean for
each howr of the day (the diurnal cycle} (Schwab and Bedford, 1995}

4.3.4.6 Plans

The initial implementation of the system produces daily nowcasts and 24 hour
forecasts of water level [fuctuation, temperature, and circulation for Lake Erie. Full
implementation of the system will include: 1} extension to all five lakes, and 2} input
from meteorological forecast models to provide 2-day forecasts ol lake conditions.

4.4 LONG-TERM VARIABILITY

In this section we will consider circulation pattems over significantly longer time
scales: from seasonal to climatic scales, As we have seen, lake circulation can change
dramatically on shorter time scales, but it is stifl possible to find more persistent
circulation patierns on fonger time seales. This expectation comes from the faet that
unlike highly imegular weather events, regular seasonally changing atmospheric
forcing can generate more stabie average circulation patterns.

4.4.1 Observed summer, winter, and annual circulation in the Great Lakes

In order to assess the impact of potential climate change (whatever the reason for
these changes) on lake circulation, it is necessary to assess our present knowledge of
lake circulation climatology. “Climatology™ typically assumes averaging over 30 or
more years of continuous observations. Unfortunately, as we approach the low-
frequency band of current spectrum, we are entering the area where less and less
observational data are avaiiable, and that makes prediction of the long-term changes
in large-scale circulation especially difficult. For example, one can find samples of
summer or winter circulation observations in each of the Great Lakes (Table 1),
samples of annual circulation observations in most of the lakes, but much less data for
the assessment of interannual variations. Here, winter and summer circulation have a
special meaning because we will associate these seasons with two major dynamical
regimes: stratified (roughly May-October) and isothermal (roughly November-April)
periods. This type of averaging was adopted in previous studies of circulation in
Lake Ontano (Pickett, 1980; Saylor et al., 1981; Murthy and Scherizer, 1994), and
Lake Huron (Saylor and Milter, 1979).

In fluid mechanics there are two approaches to study circulation: Eulerian, where
time series of observations at fixed points are used, and Lagrangian, where
trajectories of moving particles are used. Historically, the latter approach was the first
employed both in oceanography and limnology. Drifling ships or drift botties
naturally indicated the movement of the surface layers. The {irst map of the surface
currents in the Great Lakes (Figure 4-8) was presented by Harrington (1894) who
used observations of drift bottle movements during the ice-frec seasons of 1892-93.
Although the Laprangian approach was extensively used later in Lake Erie (Olson,
1950; Wright, 1955; Verber, 1953, 1955; Hamblin, 1971; Saylor and Miller, 1987),
Lake Superior (Rushmejer et al.,, 1958), Lake Huron (Ayers et al., 1956), Lake
Michigan (Ayers et al., 1958; Ayers, 1959; Johnson, i960; Van Qosten, 1963;
Monahan and Pilgrim, 1975; Pickett et al., 1983; Clites, 1989), and Lake Ontario
{Casey et al., 1966; Simons et al., 1985; Masse and Murthy, 1992), there has been no
attempt to update IHarrington’s map. Moreover, no observation-based winter
circulation map covering all Great Lakes has been presented, There was one attempt
to derive winter circulation patterns in the Great Lakes based on the resulis of
modeling (Picketl, 1980). Pickett presented only two cbservation-based winter
circulation maps avatlable at that time: Lakes Ontario and Huron. These observations
employed the Eulerian approach.









Lake-wide cyclonic circulation observed in 1967 (Sloss and Saylor, 1976b) was
similar to the one observed in 1973 (Lam, 1978} although Lam (1978) reported much
higher velocities. Westward flow in the open part of central Lake Erie in 1963
(Hamblin, 1971) was similar to the 1979 flow (Figure 4-13). In addition, a
combination of an anticyclonic gyre and a cyclonic gyre in central Lake Erie was
observed in both 1970 (Simons, 1976a) and 1979 (Figure 4-13).

In the Lake Michigan case, neither FPWCA (1967), nor Saylor et al (1980)
provide maps of summer circulation for 1963 or 1976, but their description and
published data make it clear that the circulation becomes increasingly cyclonic in the
end of the stratified period, which coincides with more recent observations (Figure 4-
10). Cyclonic circulation in central Lake Ontario in 1972 (Saylor et al., 1981) was
similar to the 1982 cyclonic circulation (Murthy and Schertzer, 1994). On the other
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Figure 4-11. Summer, winter and annual circulation in Lake Ontario {Beletsky et al,, 4

1999).

hand, the circulation pattern in western Lake Ontario was different in different years: it

wag cyclonic in 1965 (Cascy et al, 1966) and anticyclonic in 1972 i
IFYGL observations (Figure 4-11), ” socording o the

4.4.1.2 Winter circulation

. Su_ﬂicient observational data are now available to describe large-scale winter
circulation m all of the Great Lakes except Lake Superior, where observations covered
only wcslf:m part of the lake (Figurc 4-12). Winter circulation is stronger than
sumumer circulation because of the stronger winds in winter. The strongest mean
winter currents were observed in southeastern Lake Ontario (Figure 4-11), up to 10
cn:#s. Winter currents are essentially barotropic, which means that their variations
ufnh dqulh are minor, especially in comparison with summer currents. Cyclonic
circulation persists in the winter both in Lake Huron (Figure 49) and in Lake
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important details, especially in the wind field. We can, however, expect more
detailed predictions of local climates in the future.

Finally, consider the reliability of long-term hydrodynamic modeling. In the
past, there were only a few results reported in this area. Recently, there were some
preliminary encouraging results (Kuan et al., 1994; Beletsky and Schwab, 1998},
although more extensive testing of circulation models is needed.

What can we do in the meantime? Under the conditions when only slow growth
of new large-scale current nbservations is anticipated, the main focus will naturaliy be
on modeling. Thus, it is already possibie to starl recreating current climatology on the
basis of circulation hindcasts using existing meteorological archives. Moreover, we
will also have more and more current simulations as GLFS noweasts continue in the
next century. For example, for Lake Erie, the modet output can be used to
accurmnulate long-term statistics of currents and temperature since 1993, so it will be
possible in the future to derive lake currents and temperature climatology based
completely on the model results. Of course, one has to remember that statistics
derived from model results are only an approximation of statistics derived from
observations.

As an alternative to the use of GCM forcing, it might also be appropriate to use
circulation patterns calculated for extremely warm or cold years as analogues of
circulations corresponding to warmer or colder climates. A somewhat similar
approach was recently suggested by Scherizer and Sawchuk (1990} in the one-
dimensional modeling of the therreal structure in Lake Erie.

What can we say aboul potential circulation changes in the meantime, if we set
aside numerical modeling and try to use only general knowledge of lake physics? Let
us use a global warming scenario as an exampte. We know that all GCM's predict
milder winters which lead to longer stratification periods (see Chapter 3) and less ice
cover (McCormick, 1990). They also predict a decrease in the wind speed, and a
decrease in the water level because of changes in evaporation {Croley, 1994).
Consider the speed of currents first. We know that the amplitude of currents is
proportional to wind speed and density gradients, and inversely proportional to depth.
Therefore, an increasc in the duration of the stratification period wiil increase the
duration and amplitude of the density-driven currents. In addition, a decrease in ice
cover during warm winters will increase transfer of momentum from wind to currents.
The decrease of water levels should also increase current amplitude, especially in the
shallow regions. Alternatively, the decrease in wind speed should aiso decrease
current amptlitude, and therefore, these changes may eventually balance each other.
Finally. consider potential changes in circulation patierns. Unfortunately, we can say
even less about the circulation patterns as compared to the current speed. We saw
earlier that circulation patterns were different depending on the lake and season. At
the moment, the physical mechanisms that are responsible for mean circulation are
not well understood. Therefare, we may assume that the circulation pattern changes
may he different in each particular case.

4.5 CONCLUSIONS

Here we summarize briefty where we stand, and where we go from here. We
saw that for the majority of large-scale shori-term dynamic processes, both waves and
circulation, basic physical mechanisms are generally understood. For sorne processes,
like storm surges and seiches, existing models can even predict their development
with a high degree of accuracy. The prediction of temperature and circulation is less
accurate, especially in summer when circulation is well predicted mostly during the
periods of storms when the wind influence is prevalent. This is due to inadequate
horizontal resolution in models, accuracy of forcing functions, adequacy of model
physics, and also due to sensitivity to initial conditions. We expect improvements in
summer circulation modeting in the near future due to further grid refinement in lake-
wide circulation models, This will allow us to better describe such processes as
coastal upwelling fronts and coastal jets, thermal bar, internal waves, and mesoscale
eddies. Accurate simulation of these proccsses is also necessary for reliable estimates
of offshore-nearshore transports.

Nested grid finite-difference or finile-element modeling will also be important
because some imporiant physical processes will need a resolution higher than in the
lake-wide circulation models. Extension of the Great Lakes Forecasting System to all
five lakes will also make it possible to provide open boundary conditions for high
resolution operational nowcasts and forecasts of any limited coastal areas. From the
point of view of model physics, we can expect refinement of turbulent
paramcterization schemes allowing better simulation of the thermocline dynamics.
New observational data, for example, cloud cover from the GOES-8 satellite, and
refined meteorological model forecasts will result in further improvement of the
accuracy of the surface boundary conditions.

One importand question is current climatology. We need more long-term
observations to assess climatological circulation and interannual variability. Under
the condition that only a few new large-scale current observations will be availabie,
the main focus will obviously be on the modeling. Thus, it is already possible to starl
creating climatology on the basis af the Greal Lakes Forecasting System nowcasts, or
on the basis of circulation hindcasts using meteorological archives.

Another important issue for freezing lakes is the influence of ice on lake
hydrodynamics. Nathing was said here about that problem, because currently there is
no modeling activity in that area, aithough we know that ice can significantly modify
coastal currents by decreasing the transfer of momentum from atmosphere to water.
Incorporation of ice into the annual cycle in numerical modets is also important from
the point of view ol accorate simulation of total heat budget of a lake. The
development of coupled ice~circutation models will be an important achievement in
winter thermal structure and circulation modeling.
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